Microbially mediated mechanisms of human decomposition begin immediately after death, and are a driving force for the conversion of a once living organism to a resource of energy and nutrients. Little is known about post-mortem microbiology in cadavers, particularly the community structure of microflora residing within the cadaver and the dynamics of these communities during decomposition. Recent work suggests these bacterial communities undergo taxa turnover and shifts in community composition throughout the post-mortem interval. In this paper we describe how the microbiome of a living host changes and transmigrates within the body after death thus linking the microbiome of a living individual to post-mortem microbiome changes. These differences in the human post-mortem from the antemortem microbiome have demonstrated promise as evidence in death investigations. We investigated the post-mortem structure and function dynamics of Staphylococcus aureus and Clostridium perfringens after intranasal inoculation in the animal model Mus musculus L. (mouse) to identify how transmigration of bacterial species can potentially aid in post-mortem interval estimations. S. aureus was tracked using in vivo and in vitro imaging to determine colonization routes associated with different physiological events of host decomposition, while C. perfringens was tracked using culture-based techniques. Samples were collected at discrete time intervals associated with various physiological events and host decomposition beginning at 1 h and ending at 60 days post-mortem. Results suggest that S. aureus reaches its highest concentration at 5-7 days post-mortem then begins to rapidly decrease and is undetectable by culture on day 30. The ability to track these organisms as they move in to once considered sterile space may be useful for sampling during autopsy to aid in determining post-mortem interval range estimations, cause of death, and origins associated with the geographic location of human remains during death investigations.
Microbially mediated mechanisms of human decomposition begin immediately after death, and are a driving force for the conversion of a once living organism to a resource of energy and nutrients. Little is known about post-mortem microbiology in cadavers, particularly the community structure of microflora residing within the cadaver and the dynamics of these communities during decomposition. Recent work suggests these bacterial communities undergo taxa turnover and shifts in community composition throughout the post-mortem interval. In this paper we describe how the microbiome of a living host changes and transmigrates within the body after death thus linking the microbiome of a living individual to post-mortem microbiome changes. These differences in the human post-mortem from the antemortem microbiome have demonstrated promise as evidence in death investigations. We investigated the post-mortem structure and function dynamics of Staphylococcus aureus and Clostridium perfringens after intranasal inoculation in the animal model Mus musculus L. (mouse) to identify how transmigration of bacterial species can potentially aid in post-mortem interval estimations. S. aureus was tracked using in vivo and in vitro imaging to determine colonization routes associated with different physiological events of host decomposition, while C. perfringens was tracked using culture-based techniques. Samples were collected at discrete time intervals associated with various physiological events and host decomposition beginning at 1 h and ending at 60 days post-mortem. Results suggest that S. aureus reaches its highest concentration at 5-7 days post-mortem then begins to rapidly decrease and is undetectable by culture on day 30. The ability to track these organisms as they move in to once considered sterile space may be useful for sampling during autopsy to aid in determining post-mortem interval range estimations, cause of death, and origins associated with the geographic location of human remains during death investigations. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http:// creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Identification of a biological indicator that is consistently identified on cadavers and exhibits similar post-mortem patterns regardless of the death circumstances could be crucial in narrowing a post-mortem interval (PMI) range estimate. Only a few studies have focused on commensal microbial communities (i.e., located internally and externally of a living person) for determining dynamics, such as microbial transmigration, under carefully controlled conditions following host death [1] [2] [3] [4] . Here we present a controlled study used to determine the bacterial movement of intentionally infected model organisms from a specific anatomical location during the progression of host decomposition. We co-infected mice nasally with Clostridium perfringens and a Staphylococcus aureus strain with constitutively expressed fluorescent protein. S. aureus is a facultative anaerobe of the phylum Firmicutes, and is a natural commensal of the nares [5] . C. perfringens is a strict anaerobe and normal commensal of the gastrointestinal tract [6, 7] . Both of these bacterial species were previously found associated with the decomposition of human surrogates [3, 8, 9] . We tracked these bacteria using in vivo and in vitro imaging and/or culture in order to determine colonization routes associated with bacterial oxygen requirements, anatomical location, and different physiological events of host decomposition. Additionally, a subset of mice was immediately surface sterilized following sacrifice and compared to non-surface sterilized in order to determine the influence of external microbiota on colonization.
Materials and methods

Construction of S. aureus KUB7
To construct a S. aureus strain with constitutively expressed fluorescent protein, the gene encoding a codon-optimized DsRed.T3 (DNT) was amplified by PCR from pRFP-F (Table 1) [10] using primers JBKU13 and JBKU14. This construct also contains an optimized ribosome binding site for enhanced expression. The resulting PCR product was cloned downstream of the constitutively expressed P sarAP1 promoter in pCM29 [11] using EcoRI and KpnI, replacing the gfp gene in this plasmid. The resulting plasmid, pJB1005, was digested with PstI and EcoRI and the fragment containing the P sarAP1 ::dsRed construct was ligated into the same sites of pJC1112 [12] , resulting in pJB1008. Next, pJB1008 was transformed into strain DC10B to facilitate electroporation. pJB1008 was isolated from DC10B and used for electroporation of AH1263 containing the integration helper plasmid pRN7023, leading to integration of pJB1008 into the SaPI1 site. Integration was confirmed using primers JCO717 and JBKU13. To ensure loss of pRN7023, the integrated pJB1008 was transferred into AH1263 using F11-mediated phage transduction as previously described [13] . Bacterial strains and plasmids used for this study are listed in Table 2 .
Molecular genetic techniques
All manipulations were performed in Escherichia coli DH5a. E. coli was grown in LB media supplemented with ampicillin (100 mg ml À1 ) as necessary. S. aureus was grown in TSB with erythromycin (5 mg ml À1 ) or chloramphenicol (10 mg ml À1 ) as needed for selection. Solid media contained 1.5% agar. Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). High-fidelity PCR for cloning purposes was performed using KOD DNA Polymerase (Novagen, Madison, WI) while chromosome integration confirmation utilized Midas Master Mix (Monserate Biotechnology Group, San Diego, CA). PCR was performed on an Applied Biosystems GeneAmp 9700 (Life Technologies) and products were purified using the DNA Clean and Concentrator-5 kit (Zymo Research, Orange, CA). Plasmids were purified with the Wizard Plus SV Minipreps DNA Purification System (Promega Corporation, Madison, WI). Restriction endonucleases and T4 DNA Ligase were purchased from New England Biolabs (Beverly, MA). All PCR products were sequenced by ACGT, Inc (Wheeling, IL) to ensure there were no unintended changes and sequencing data was analyzed using Vector NTI (ThermoFisher Scientific).
2.2.1. C. perfringens preparation C. perfringens type A strain WAL 14572 was obtained from ATCC, and maintained anaerobically on reinforced clostridial medium (BD) agar at 37 8C prior to infection. C. perfringens was used as a negative control for aerobic nasal inoculation as this species is a strict anaerobe.
Inoculum preparation
S. aureus KUB7 was grown in tryptic soy broth (TSB) to an optical density (OD 600 ) of 0.5-0.55 while C. perfringens was grown in 100 mL of reinforced clostridial medium (RCM) broth to an OD 600 of 0.3-0.35. One milliliter of each culture was aliquoted into a total of 64 tubes containing 1 mL of respective bacterial suspension, then centrifuged at 12,000 Â g for 10 min to pellet the cells. Each inoculum was individually plated, then S. aureus KUB7 was resuspended in 7 ml of TSB and added to C. perfringens resuspended in 7 ml of RCM broth containing 60 g/L of sucrose. The final inoculum was 2.8 Â 10 8 CFU/mL and 2.24 Â 10 7 CFU/mL for S.
aureus KUB7 and C. perfringens, respectively.
Animals
Ninety healthy female, SKH-1 Elite female mice, weighing 16-22 g and of 9-12 weeks of age, were obtained from Charles River Laboratories and included in experiments of nares infection studies. SKH-1 mice are hairless, euthymic and immunocompetent. Mice were housed at a constant room temperature (25 8C) with a natural day/night light cycle (12L:12D) in a conventional animal colony at the Mississippi State University Veterinary School. Standard, antibiotic-free laboratory food and water was provided ad libitum. Before experiments, mice were adapted to conditions for a period of 5 days. Mice were equally divided among three treatment groups: (1) control, uninfected mice; (2) infected mice without post-mortem surface sterilization; and (3) infected mice with post-mortem surface sterilization. All animal experiments were conducted according to Mississippi State University IACUC approved protocol 14-102.
Intentional bacterial inoculation and sacrifice
Mice were sedated with isoflurane and randomly chosen and inoculated nasally (allowing the mice to inhale) with the previously described S. aureus KUB7/C. perfringens mix (N = 60) or were used as control, uninfected mice (N = 30). Mice were sorted into habitats according to their treatment of being either infected without surface sterilization post-mortem, infected with surface sterilization post-mortem, or an uninfected control. Mice were sacrificed 24 h post infection by cervical dislocation. Thirty of the inoculated mice were surface sterilized by submerging the body in a 10% bleach solution for 45 s while being careful to avoid submerging the ears, mouth, and nares. The bleached mice were then immediately rinsed twice with distilled water. The remaining 30 inoculated mice were not surface sterilized. All mice were placed individually in to a Nalgene bottle top 0.2 mm filter container (Thermo Scientific) sealed with Parafilm M and placed in a room of ambient temperature within a bilaminar flow hood with continuous airflow.
Dissection and organ harvest
Three mice per treatment were analyzed per time point (T = 1H, 3H, 5H, 24H, 5D, 7D, 14D, 30D, and 60D post-mortem). Mouse skin was swabbed as a composite using a sterile cotton swab saturated in nuclease free water and by swabbing both dorsal and ventral sides; the swab was immediately swabbed on to a mannitol salt agar (MSA) and RCM plate and then transferred into a 2.0 mL screwcap tube to be frozen for future companion studies. The initial incision took place vertically from the lower throat to above the genitalia using sterile blades for each mouse. The liver, lungs, spleen, heart, stomach, one kidney, and a composite of the intestines were extracted using individual, sterile forceps and placed into respective 2.0 mL screw cap tube. Each organ was crushed with a sterile cotton swab and swabbed on to a MSA and RCM plate. Afterwards, the preservation solution RNAlater 1 (Ambion) was added to each organ tube. The MSA plates were incubated 1-2 days aerobically at 37 8C and the RCM plates were incubated 1 day anaerobically at 37 8C. Plates were visualized for signs of growth.
Plate analysis
Isolates from the RCM plates for each organ were counted and recorded. Colony counts greater than or equal to 300 colonies on a single plate were recorded as ''maximum countable colonies''; MSA plates were counted and recorded prior to assessment of red fluorescence. The MSA plates containing growth were analyzed for the number of red fluorescence colonies compared to the total number of colonies to obtain a percent of fluorescent colonies. Fluorescent analysis was performed using an EVOS digital inverted microscope (AMG).
Whole body imaging
Three mice from each treatment were left intact for analysis by whole body fluorescent imaging using the iBox Scientia Small Animal Imaging System (UVP) throughout the course of the study. Mice were imaged at the same time points (T = 1H, 3H, 5H, 24H, 3D, 5D, 7D, 14D, 30D, and 60D post-mortem) using the parameters: 75 tray height, 580-630 nm RFP filter, intensity of 5, and a two second exposure.
Results
Whole body fluorescent imaging and culture-based methods of tracking S. aureus KUB7 and C. perfringens showed transmigration during murine decomposition. Whole body fluorescent imaging showed S. aureus KUB7 nasal colonization 1H post sacrifice in the surface sterilized and non-surface sterilized mice (Fig. 1, panels A  and B) . Imaging showed evidence of increased S. aureus KUB7 transmigration occurring in the non-surface sterilized mice over decomposition time. S. aureus KUB7 was at the highest detectable Fig. 1 . Whole body imaging using iBox Scientia (UVP) detecting Staphylococcus aureus KUB7 translocation in infected, surface sterilized (A), infected, non-surface sterilized (B) and uninfected, control mice (C) 1H, 3H, 5H, 24H, 3D, 5D, and 14D post mortem. The intensity of fluorescence is based on a scale from blue being the lowest and red being the highest.
concentrations within the nasopharyngeal area among surface sterilized mice up to 24H, but was detected throughout the body among non-surface sterilized mice during this timeframe. Increased visible evidence of transmigration was found from 3D to 14D in both sample sets. Imaging 30D post sacrifice showed elevated autofluorescence of control mice that continued (though with decreasing intensity) throughout the remaining time points of the 60D study (data not shown). Autofluorescence was likely due to breakdown of blood over time that became detectable within the fluorescence spectra of RFP [16] . Autofluorescence of control mice prevented identification of S. aureus KUB7 among treatment groups using whole-body imaging from samples collected 30D and 60D post sacrifice.
S. aureus KUB7 was isolated from all analyzed organ swabs from surface sterilized mice 1H post sacrifice and from all analyzed organ swabs from the non-surface sterilized mice except for the liver (Fig. 2) . Swabs from liver, stomach, intestine, and skin remained positive 3H post sacrifice and up to 14D for both surface and non-surface sterilized mice, except for negative intestine samples from surface sterilized mice at the 7D time point. Remaining organs showed undulating positivity from 3D to 14D post sacrifice (Fig. 2) in both treatment groups. In comparison to surface sterilized mice, S. aureus KUB7 was detected in more of the analyzed organs from non-surface sterilized mice from the 3H, 24H, and 7D time points (6, 7, and 8 positive organs as opposed to 5, 5, and 5 positive organs from surface-sterilized mice at the respective time points). Surface sterilized mice had more organs positive than non-surface sterilized mice organs 1H and 5D post sacrifice (8 organs versus 7 respectively at both time points). Both treatment groups showed six positive organs 5H, and eight organs 14D post sacrifice. All analyzed organs, however, were negative for 30D and 60D post sacrifice time points (Fig. 3) .
The inability of C. perfringens WAL 14572 to withstand oxygen exposure was confirmed by culturing a 2.8 Â 10 8 CFU/mL C. perfringens inoculum following aerobic exposure. The culture was anaerobically incubated and did not yield colonies. However, growth of anaerobic bacteria including non-specific clostridium was measured on reinforced clostridial medium and showed varying numbers of anaerobic bacteria in liver, lung, spleen, heart, and intestine samples from the 1H to 24H time points among both treatment groups that reached and remained at maximum countable limits 5D to 14D. Isolates were also recovered from these samples at 30 and 60D, though differences were found in bacterial counts between sampled organs and treatment groups (Fig. 4) . Kidney samples from both treatment groups showed undulating positivity throughout the study where surface sterilized mice kidney samples increased to reach maximum countable bacterial numbers at 5D and 7D, but decreased 14D, 30D, and 60D. Kidney samples from non-surface sterilized mice increased to reach maximum countable bacterial numbers at 7D and 14D, but decreased at 30D and 60D. Anaerobic bacteria were differentially isolated from skin samples among treatment groups 1H to 24H post sacrifice, but reached maximum countable numbers 5D to 7D, where they subsequently showed differences in bacterial isolates from both treatment groups at 14D, 30D and 60D (Fig. 4) .
Discussion and conclusions
We have expanded current studies of post-mortem microbial transmigration by providing data of intentionally inoculated bacteria transmigration dynamics following host death. Antemortem infection with S. aureus KUB7 and C. perfringens WAL 14572 allowed controlled and specific tracking of model commensal organisms through the nasal tract using in vivo and in vitro imaging and culture methods (Figs. 1-4) . As expected for this study, a strict anaerobe, C. perfringens WAL 14572, was not viable following exposure to aerobic conditions. However, results showed S. aureus KUB7 was infected in the nasal tract where transmigration was detected at the earliest time point following host death, reaching its highest concentrations by culture on 5D and 7D for surface sterilized and non-surface sterilized mice, respectively. Non-surface sterilized mice showed a wider distribution of S. aureus KUB7 presence in organs over time both from culture and from whole body imaging. Additionally, S. aureus KUB7 was detected during the majority of decomposition among organs, such as the stomach and intestines, which are normally heavily colonized in the living host; whereas previously sterile organs, such as the kidney, liver, spleen, and heart, showed undulating positivity over time. It is possible that S. aureus KUB7 was ingested soon following infection leading to instant colonization; however, it is also possible that ante-mortem indigenous microbes contribute to S. aureus KUB7 colonization post-mortem, perhaps through providing nutrients or aiding in elimination of toxins resulting from decomposition.
Kidney, lung, spleen, and heart showed undulating positivity 3D to 7D for both infection groups. For instance, S. aureus KUB7 was detected in kidneys 1H post sacrifice from both treatment groups, was not detected from kidneys of surface sterilized mice 3H, 5H, and 24H post sacrifice, but was detected again 5D through 14D. Heimesaat et al. [4] showed similar findings from their intestinal transmigration study [4] . Their data showed the total bacterial load in the small intestines increased 12 and 24H post sacrifice due to high levels of enterobacteria and lactobacilli. They noticed a decline in total bacterial load 15 and 30 min post-mortem due to significant decreases in enterobacteria, enterococci, bifidobacteria, and Clostridium spp. [4] with a subsequent increase in the bacterial groups reaching maximum levels at the end of the study. The authors speculated that the undulating pattern might be associated with physiological changes in the intestinal intraluminal milieu during temporal decomposition stages [4] . The authors also found intestinal tissue destruction characterized by an increase in apoptotic cells and neutrophils within 3H post-mortem, with T-and B-lymphocytes and regulatory T-cells decreasing between 3 and 12H post-mortem that could compromises the replication of the intestinal bacteria at specific time points. Though more data needs to be gathered, our data support initial interpretations of Heimesaat et al. [4] . All cadavers were held at constant temperature, however body temperature and decomposition stages were evident at discrete time points potentially explaining some of the observed patterns of bacterial culture and transmigration to specific organs (data not shown).
Anaerobic organisms were isolated at every time point, and increased in concentration over time, especially for organs considered to be sterile ante-mortem, such as the kidney, liver, and spleen, and also for skin. However, there was a decrease in these organisms by the end of the study. Replicate variability was observed in some of the sample from both treatment groups, possibly a reflection of the sample size (N = 3) in each group. Additionally, specific anaerobic species were not identified here that could influence successional colonization events over time. 4 . Mean (AE Standard Error of the Mean, SEM) isolated anaerobic colonies among organs over time. Kidney, liver, lung, spleen, heart, intestine, stomach, and skin swabs from nonsurface and surface sterilized mice were analyzed by culture on reinforced clostridial medium (RCM) incubated anaerobically. Blue bars represent samples obtained from nonsurface sterilized mice and green bars represent samples from surface sterilized mice. Colony counts greater than or equal to 300 on a single plate were considered to have maximum countable colonies and no error bars were expected. Furthermore, our results mirror those found from other animal surrogate studies that showed a shift from aerobic to anaerobic microbial taxa through progressive successional decomposition stages [3, 8, 9, 17] . Studies are currently underway using molecular methods to quantify microbial response from intentionally infected bacteria and identify associated microbial consortia from anaerobic organs following host decomposition in order to identify significant differences between anatomical locations and oxygen conditions, which may be used as reliable indicators for time since death.
As cadavers decompose, the environment inside the body undergoes rapid changes such as oxygen availability, pH, and nutrient availability [1, 17] . It is known that microbial communities that were a part of the normal bacterial flora of the once living host play a significant role in decomposition, and that these communities are highly dynamic [1, 8, 18] . These communities thrive in a living host by utilizing the nutrients and surface areas provided by the host, and are usually kept to a specific niche by the living host's immune system. Following host death, the body becomes a large nutrient source and niche for specific microbial communities that begin to transmigrate to previously sterile locations in the body due to the gradual loss of a functional immune system that can no longer travel throughout the body by blood circulation [1] . Changes in this environment, such as oxygen availability, and increase in toxicity also likely select for microbial species that can survive the shifting environment by regulating their gene expression and products to accommodate their survival needs as their environment changes. Bacteria respond to stress and dynamic environmental conditions by modulating gene expression that controls the cell's structure and function, [19, 20] , and an extreme stress will force some microbes to dormancy or death [21] . Competition and dispersal among microbial communities also occurs when resources become limited [22, 23] . This ecosystem shift causes community instability until dominant organisms outcompete those that are less tolerant or resilient [22] . It is likely that S. aureus KUB7 modulated gene expression to adapt to physiological changes associated with each anatomical location. Additionally, other members of the microbial consortium likely contributed to presence or absence of S. aureus both temporally and spatially.
In addition to the data presented in this study, we are currently using additional molecular methods, data not presented, to survey the entire microbial consortium associated with each organ in order to obtain information on interacting microbial taxa during dispersal associated with physiological conditions of decomposition events. A comprehensive understanding of the impact of anatomical location on microbial transmigration and subsequent microbial mechanisms of host decomposition is key in determining colonization routes correlating to the changes in decomposition process across the post-mortem interval. Identifying consistent postmortem temporal shifts of a biological indicator, such as a microbial taxon or community transmigration, may prove to be useful in future forensic applications by providing more specific PMI range estimates. These data are an additional step to identify post-mortem microbial movement or metabolic signatures for applications in the potential use to improve quantifiable, precise measurements of PMI estimates in forensic science.
